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1. Introduction

Mountain—valley wind circulation has long been of interest to
S 

inhabitants in mountainous areas and meteorologists. Yet it has not been

fully explored and understood. Various daily operations require much more

detailed meteorological knowledge than in the past. In particular , an

accurate short—range small meso—scale 3—dimensional prediction model is

needed over mountain—valley terrain. Aiming at this goal we shall divide

S the investigation into three task~ : 1)to develop a 3—dimensional numerical

model with the initial value approach and to study the basic physics in

this particular kind of local wind system, 2) to compare results from the

numerical model with some simple analytical solutions and available obser—

vations, and 3) to build a short range mesa-scale prediction model for

mountain-valley wir.d systems.

This report discusses problems associated with the first task and S

partially with the second. The last task and part o~ the second one shall 
S

be studied as a continuation of the tasks presently undertaken and will be S

completed in the next phase of investigation.

S Theoretical and numerical studies of flow over a small mountain ridge

have been numerous. The most recent studies by Mahrer and Pielke (1975,1977)

arid Clark are interesting. However, the boundary layer problem, such as

flow in a typical valley region, needs further attention and investigation. S

Both theoretical and numerical sutdies of mountain—valley wind systems for

a typical 3—dimensional meso—scale mountain-valley terrain have been seldom

found in the literature. ~ew intrigue linear or non-linear interactions

_ _ _ _ _ _  A
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between the free atmospheric flow and the thermally induced flow near the

S 
surface in a typical valley have been reported except for the work by S

Tang(1976), Tang and Peng(1974) for 2—dimensional ones, arid over general

mountain—basin situation by Mahrer and Pielke(1977), Studies on the inter-

play between the slope wind or the cross—valley flow arid the valley wind

S (along the valley axis ) are completely lacking in the literature.

In studying mountain-valley wind systems the non-hydrostatic approxi-

mation is believed to be important because of the basic convective nature

of the problem , especially when horizontal and vertical scales become corn—

parable. Since this investigation emphasizes the study of the flow in the

S boundary layer, computations with parameterizations under various meteoro-

logical conditions for the present model have been performed. The develop-

ment of the numerical model is presenteu in Section II. Results of the

numerical modeling under various conditions are presented in ~ection III.

Some available observational data will be ~.sed for compari~on and discussed S

at the end of Section III. Discussion of the study arid future study will

be in Section IV.

II. The development of numerical model -

1) The differential equations

In order to simulate oircu]iation over a valley terrain , the configura-

tion of the relief and the slope of the topography are believed to be critical. 
S

In contrast to t ie study of lee waves , for which linea~’ized lower boundary S

surface condition may be used to obtain a general piot ira of the wave pattern

in the middle of the atmosphere, non-linear lower boundary conditon should be

used here . Furthermore, a set of equations should have coordina tes trans—
-S 

formed so that it can be used for arbitrary terrain. A generalized o —

2 
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coordinates in z is titus used in the model. The basic transformation is

—

(1)
H -

~~

where z = height in rectangular coordinate system,

- a ’ = height in transformed coordinate system, S

- : h(x y)=terrain height profile in regular rectangular (x ,y, z) coordinates ,

and H = height of to~ boundary over horizontal ground for the model.

- I~ä.th this transformation we obtain the following relationships:

I

..;v55 

~~~~~~~~~~~ i~~~ ~ t L.

3. 3. 1.__
~~ 

— cZ (~~_~) k~1 ~~~~~~~~~~~~~ ~ 
( ~::) 

k
X

S~~ ;;L

- (14~ U’~ ~~~~~~~~~~ ~
[ J 

S

Note that the square brack ets with subscripts have special meanings in the equations.

Sbiil
~
r results can be obtained for the differential with respect to y. A

set of governing differential equations for an incompressible atmosphere

with Boussinesq approximation , after chopping off the prime for transformed

coordinates , can be written as:

(it) ~~ i. fritJ ~~~[ ~
/
~L = _ [ F J + 4~

r ‘
~~~~‘~~

‘ (2)
H (i~.)÷ {iç cv~

_i
~ v~

. ( c ~ c’ t
~)

- 3 
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it) 4 ~~~~~ 1~ 
-
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_ w ) ~~~~ )~~~ 
w ) ( ~~J 

S

h k1(t~-~
. (~) (w)~+ K k ) +  )~~v}4. 

~~ 
Lw)

+~~L X~~~~~~
t’

~~(
”

~~ ~~~~~~

- 

(5)

+ (v-9)~4 (i~-e~ 
.- (?4~(~~ ~))a 

S

t~~L1)~~ 
( ~~~~

where ( )t~ 
( 

~~ 
etc = partial differential with respect to t , and z , etc

respectively in trinsfo rmod coordinates .

u ,v ,w = velocities in the x— , y— , and z— axes directions ,

_ _ _ _ _  
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and ~~ = pressure deviation from the mean at a given height 
S

S ~~7r’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2) The topography
S The 2~-dimensional valley cross-section and mesh in the x-z plane at

y=O is shown in Figure 1. The x-axis oriented in the cross—valley direction ,

S the y—axis , in the down— valley direction, and the z— axis , in the vertical

direction pointed upward from the gound surface . The grid interval in the

vertical direction from ground up are 50,50,100,300,500,1000 m up to the

sixth grid and l000m thereafter for every grid interval up to 10km level.

The grid size in the x- or y- axis direction is even but is different for

different computer runs. rhe grid size in the x-axis direction ranges from

333m to 8km, and in the y-axis direction, from 5km to 1 5km depending upon

the run. Experiments with combinations of different size grids in the x—

and y—axe.~ 
- directions are rria~e for purposes of comparison. The time interval

chosen depends upon the grid size used in order to fulfil the Courant- fr&é&ichs

_Lewy linear computational stability criterion.

The height of ridges above the valley floor is assumed to be constant

in the y—axis direction, but it varies from case to case , ranging from lOOm

to 1.5km. The height of valley floor at the valley head is 300m above that

at the valley mouth at the bottom of the valley. The cross-section along

the valley floor is shown in Fig. 2.

3) Boundary layer -

- - Since mountain-valley systems are largely affected by differential

L heating and terrain feature.., some fine turbulent characteristics over

the uneven lower boundary are indeed importnnt to the investigation. It

would be interesting to have some good knowledge of vertica l m d  horizontal

5
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eddy viscosity and diffusivity particularly suited to the valley terrain.

Unfortunately , little literature about this in & valley is known. Because

of lack of the precise knowledge in this matter, the eddy viscosity and

diffusivity over homogeneous plane surface formulation may be adapted or

a simple constant with a relatively large numerical value is to be used.

The relatively large value is used because of the basically strong turbulent

nature over rough mountainous surface. In this report we have undertaken

the study with both approaches.

Adapting the basic formulation due to Businger(197)), we can compute

eddy viscosity and diffusivity by solving well-known eluations. We first

determined the Richardson number,Rj, from the mean win.m speed at one height

(say the first grid point above ground surface) and temperature at two

heights (say, first grid level and surface). By using the profile Richard-

son number , R~ = 
~~ 

may be expressed as

A “

~~~~~~~~~~~ ~
‘

~
- i~— z)  

it’

( C J _ q~ ) Yz. 
-

~~

— —

J?~~ -~~ 
(7)

I A
( O, 7h~ i -44 T~

where is non-dimensional height which is the ratio of the height above

the ground, a, and the Nonin—Obukov length. Determining ~ from th~ last

equation and therefore Monin-Obukov length from formula I z/ ~ lead

to the determination of non—dimensional momentum and temperature, and

4, respectively, from the following relationships with

(1.— / c i )  .
~~~ 0

* 4 

(8)

6
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where

_ _ _ _  _ _ _  

j  ~~~ ?8
4W ~

‘
~~
“ 

~~~~~~ 
(9)

The integrated version of the profiles are , respectively,

74~(Jq.3~~~) 
(10)

where
- ç~~Jtn ( ‘) +J w( ~±~~) i  ~~) - -~~~~ ~~~“

H

S 
&)‘~~~ 

S

( i i )

and .., 4

The values of ~ 5,,, and will allow first determination of and

iJZ through the above set of equations and then and ~~ with

known z0 and &~ (z0). Once (.9j i~ 
and 14~~ are determined, we determine

vertical eddy viscosity and diffusivity, ic~(m) and respectively 
S

S in the surface layer by S

_ _  
_ _ _ _  (12)

and ..k
~ ~~~~~ 

and ~~~
c. ~~~~ by

7
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The determination of these quantities is consistent with additional assump-

tions. Above the surface layer we use O’Brien ‘s (1970) interpolation,

i.e. let K stand for K~
(m) or

~~~0
A

(
~~ :~

—) .~
) Ka)— h~~)-’- (14)

_ _ _  

~~~~~~~~~~~

where = depth of the surface layer ,

= the height at the top of the pinnetary boundary layer.

K~ (zj ) will be set I cm2sec~~ and zi will be forecasted by an equation

proposed by Deardorff(1974) and tested by Pielke and Nahrer(1975) .

~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~ (15)
I’ 

*. 2— + q ~w;~ ~
where ~~~~~~~~~~~~~~~~~ ~~ 

S

= the stability iimnediately above zj

= the vertical velocity at Zj .

The depth of the surface layer, ~~~~~~, will be taken as 0.0k Zj.

_____ - 
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4) The boundary and initial conditions

At the top boundary where z = N = 10km , the horizontal velocity is

specified as u = U and v = 0. Since the top boundary is taken as a flat

solid surface , it is natural to assume

~~ .-. ‘- .~~~ a
At the ground it is assumed that no s up  condition is used for wind

(i.e. u=v=w=0). The air temperature at surface can be calculated from the

energy balance equation at the ground. In order to apply the present model ,

an analytical expression of the ground surface temperature and heat flux

at each small time step in terms of solar and long wave radiation , geome-

trical factors of the terrain, and initial surface temperature has been

derived. i’etails of the investigation is shown in Appendix ~A. In this

report , however, only specified temperature variatiors on the ground are

used. The computed temperature will be incorporated into the present model

in the next phase. The boundary conditions for ~ can be obtained from

the third equation of motion. At lateral boundaries all are assumed to be

periodic.

The initial condition is chosen such - that all quantities are zero in

space except for the specified vertical distribution of mean U with height.

In order to avoid the creation of relatively strong disturbances at the

initial stage , we let. the mountain be flat in the beginning. More details

will be discussed in subsection (5) .

- 
5 5) Other numerical considerations

The forward time difference and center space difference in general

are used . Except for ~ , all dependent variabies are evaluated at each grid

9
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point.Eq. 4 is solved by the block relaxation method, Because of reflection

of spurious energy of the inte rnal gravity wave from the upper boundary

originally set up by mountain valley terrain , the reflected wave energy -

leads to undesirable computation results. L he spurious wave energy can

be partly eliminated by introd ucing some Rayleigh friction hear the upper

boundary. ~he Rayleigh friction terms may be written as .-k(u-U), and

—kv if V = 0. In addition, since the horizontal eddy exchange terms are

not included in the model , a simpler smoothing approach is used instead .

A three—point smoothing formula for each variable is given as follows :

( 1  — c) 
~~ 

S (T~,;;~* ç, ,~ .) / ~~~.

where s is a constant to be chosen.

As mentioned in the p~eceeding sub-section , the mountain was assumed

to be flat initially and will be gradually built up over 26 time steps

until, the final desired ridge heights are reached, The undesired initial

disturbance can be eliminated.

III. Computation results 
-

Several computer runs were made fo~r a combination of various boundary

conditions for both wind and temperature , different geometricrl factors of

the mountain—valley terrain , and different turbulence parametrization in

the surface layer. Table I shows the various basic inputs for different

runs. In each computer run, the isopleths of the three wind components

u , v , w, and T for cross—sections in the x—z plane at J = 7 and/or J - 1+

are illustrated. The x— , y— , and z—axes directions represent the cross—

valley horizontal, but pointing toward upvalley, and vertically upward

10
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S directions , respectively. To be explicit, a positive u is the horizontal

S 
wind blowing from the left to the right in Pig. la; a positive v is the

horizontal wind blowing upvalley into the paper; a positive w is the vert-

ical vinci blowing bottom upward . The cross-section at J = 7 will illustrate

the circulation and thermal situation for the middle of the valley and

the ero s s—section at J = 4 will illustrate the information at the lower

part of the valley. At J = 4, the valley floor and side ridges start to S

level out. Several cases , e.g. Figs. 10 , 11 , 12 , show that the height of

the valley side ridges above the valley floor start to drop to zero at J = 4.
In other words , there is a completely flat plain between J=1 and 4, while

a valley slope exi.sts from J=~i. to 10. Between J 10 and 11 it is a flat

plateau. The horizontal grid size and height of ridge above the valley

floor vary from case to case although the same diagram is used. The vertical

grid size is fixed . There fore the mountain scale is somewhat out of pro-

port~ion with the mesh scale used in the illustration. The isopleths for

u,v,w are isotechs of the corresponding wind components in m sec~~. The

isopleths for 1’ are temperature deviations from horizontal mean in °C.

Since the gradients of these quantities can be very lRrge , the interv:~l of

isopleths used in the following figure are not always uniform and all iso- -

pleths will be labeled .

Results of Run ~ 1 are shown in Fig. 3. The striking feature is

the tilt of positive and negative axes of u , w, and T toward the upstream S

direction (negative x— axis) of the basic flow. The maximum +u is correlated

very well with the —w and —T over the lee near the ridge. In 3a an area

of negative isotech was situated near the center of the valley but it covers

nearly hail the windward slope. This signifies the development of the

11
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return flow and a separatedcell near the bottom of the valley, when the -

resultant wind in the x-z plane is computed by using the w-component .

The development is possible because a negative and a positive w area are

situated over the windward and small part of lee slope in the bottom center

of the valley. Owing to the tilts of the u and w fie lds, waves in the

x—z plane at Jd+ and 7 with tilts axes resulted, similar to many mountain

wave patterns. However the wavelength is larger but the correspo nding wave

amplitude is smaller because the present boundary conditions are somewhat

different from the typical investigation of mountain wave problems. lbr

the small or meso—scale circulation, the periodic condition seems to be -

more reasonable than the boundary conditi3ns used in the mountain wave . ‘

studies with a single mountain.

Cross—sections of the flows in the valley axis direction at J=~ and

J=? are shown in Lb and 1.f. It is found that the upvaliey flows are

S maximum near the center of the valley at about 500m above the valley floor.

S In comparing the magnitudes of v at J=1i. and at J=7, the magnitude of v

component is greater haliway along the valley (J=7) than near the valley

mouth ( J=4). Comparison of resultant u and w in the x-z plane show there

F is not much diffe rence in strength.

The temperature deviation from the mean, T, for cross—sections at

both J=~
. and J =7 are of little difference. Again the inclination is to—

ward the upstream direction. Large negative T covers most of the windward

slope , whereas a very, small section is found near the ridge at the lee.

Fbr the. center of the valley from the ground up to 2km are positive values.

The 2—dimensional results obtained here are reasonable and similar to

results obtained by Tang (1976).

12
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Run * 2 is computed for a 24km wide valley and a valley slope of

7x10 3 terrain for about 2 hours and is shown in Fig. 4. Except for the

relative narrowness of the valley and the steeper slopes both in the valley

sides and axis directions , the assumptions are basically the same . The

patterns of u and w are similar. The wind speeds u at lower levels are

relatively small. The v component , however , near the center of the valley,

is about 0.3Gm sec~~ higher. The level of maximum V is again about 500m S

above floor. At the 4 to 5 km level there is a return flow in the down—

valley direction and it appears very reasonable. The appearance of the

P field has changed somewhat and is dominated by positive deviations . The

negative area shrinks. The air returns warmer in the valley center than

over valley sides. The general warming is believed to be attributed to the

stronger downward motion above the steeper slope of the ground .

An even narrower and steeper valley is used as a terrain model for

the study . ‘rho width is 4 km and the valley slope is 33x10 3. since the

time interval used for the integration cannot be larger than 5 sec , only

S about 29 minutes ( 350 steps) of computation have been made for this run .

The appearance of the patterns have changed somewhat. The axes become less

inclined than the first two cases . The u component near the , conter of the

valley becom es even smaller than that near the ridge level. The return - 5

flow region remains in the center of the valley and over the windward slope.

The positive and negative w fields become distributed more or less verti-

cally over the windward and leeward slopes respectively . The center of

maxim um magnitude is about 2km above both slopes between the ridge and the

center of the ~lopes. The maximum magnitude is about 3.5 m sea4. There-

fore the troughs of the wave in the x—z plane will be more or less vertical

The maximum amplitude of the wave is about 2km above valley side slopes.

13
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The P field has large negative values near the center but is warmer than

over the slopes. The coldest spot in the air is near the top of the wind— S

ward slope. The flow in the horizontal direction of the valley axis

direction is largest for the last cases. The maximum valley wind is about

I .5 m sec~ between 200’s and 500m above the ground, the maximum down-valley

wind is about 1.4 m sec— 1 at about 5 to 6 km above ground.
The first 2 oa~~s are computed for a sloping valley. The top and bottom

of the valley are assumed to be horizontal by assuming that the variations

of all quantities in the y—axis direction are zero . Fbr the following cases

- the boundary conditions in the y—axis is again assume d to be cyclic. !~br

Runs 4, 5, 6 and 7 the height of the ridges above the valley floor is cons—

tant , but it may be a different constant for different cases. Other runs

are for cases where the height of the valley side ridges start to drop oft

S from position at J=7 to zero at J 4 . a typical valley-plain topography. S

Rum #4 and *5 are for valley with a 64 km wide valley. Run #4 is made

with a warmer valley slope which cools with an assumed rate as time goes

on. Results are illustrated for cross—section at the middle of the valley

slope where ~J=7 at time 20100 sec ( -‘- 5 hrs) . Run *5 is made with a h”a ting
S case. The axes of these patterns are slightly inclined downstream of the S

S basic flow. However , since the vertical velocity field w is very weak

and is essentially vertical , the wave trough will renain vertical ,and

5 

- energy propagating downward is negligible. The characteristics of the

return flow for these cases are again in agreement with earlier findings.

The intensity under the cooling condition is stronger than that under the

heating condition. The flow along the valley is towar. 1 the down and up

valley directions for Runs #4 and #5 respectively. This is reasonable .

The down—valley component (-3.5 m sea4 ) in the cooling case is stronger

- -
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than the up-valley flow (+2.4 m sec 1). This is in general agreement with

observational results obtained in Vermont valleys.

Similar to the assumption used in Runs 4 and 5, Runs 6 and 7 are com-
puted with a valley only half as wide as the valleys in Runs 4 and 5. In

comparing these two sets , again patters are very similar to corresponding

cases and a similar conclusion can also be drawn, Between Runs 11. and 5 the
cooling surface condition leads again to stronger intensity than ‘with the

heating condition.

S Runs #8 and #9 are computed for u, v, w, and T at position J=7 under S

the same assumption except for the corresponding surface cooling and heat—

ing conditions on a realistic valley—plain terrain. The variation with

time in each case are illustrated by the results obtained at t 10100 sec S

and at t=20100 sec. The one with the cooling surface condition produces

stronger intensity than the one with the heating surf~ce condition in

general. As time incre r ses to about 5.5 hrs , nothings changes noticeably.

The only quantity that is intensified is the upvalley or downvalley flow. S

Run *10 is the expe riment with surface layer formulation based on the

equations used in Section 11.3. Since the time step has to be very small
S 

when the surface layer formulation is included, computation has been made S

for 750 sec. Results are shown in iig . 12 . The patterns of the isopleths

are very similar to those shown in Fig. 4 except that the basic wind

profile in the vertical direction decreases with height in the upper layer,

which can be attributed to the input profile and small mountain slope used

in Fig. 4. It appears that using the surface layer formulation has made

little difference upon the gross features of the circulation. However,

further experiments including the surface layer should be pursued.

15
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The present numerical model has produced several interesting and en-

couraging results of a three-dimensional model for mountain-valley wind

systems . By no means is tais an ultimate model for prediction. While

pursuing the improvement , some results obtained here may be used for coin..

parison with observations available at hand . Based on studies by Davidson

(1960), for a valley with ridge height of BOOm the maximum winds are found

at about 400m level which is halfway to the ridge level. The comp- rison

of tse level of maximum down-valley wind with the results obtained here is

shown in Fig. 13. With the assumed topography used here we have obtained - 
5

S the maximum down -valley wind , generally occuring at the 5(.Om level which S

is in close agreement with observation. ~ven for many computations the

down—valley wind speed is small , - the level of maximum remains in the

neighborhood of the middle level of the valley. In the slope wind theory

for an infinitely long slope the level of maximum wind is only about 5Cm
above the ground. It cannot~ be used to explain the valley wind phenomenon.

A simple three—dimensional linear theory cannot explain this phenomenon either. 5

It is believed that the non-linear theory has a contribution to this con-

clusion.

IV. Discussion 
-

The numerical model developed in this stuiy has included the non—

nydros tatic assumption and turbulence parameterizat.ions that are believed

to be important in the study of mountain-valley wind systems of steeper S

terrain. The computations yield reasonable results in the three—dimen-

sional flow over a typical moun t.ain—valley terrain. The mountain—valley

wind system resulted from the non-linear interaction between the thermally

induced flow in the valley and the upper air flow of the i~rger scale motion.

16



This model produce .~ the following conclusions:

1) The positions of the return flow or separated cell in the valley obtained S

in this study is in agreement with the earlier study. S

2) The imposed nighttime thermal sur face condition produces down-valley

wind, the imposed daytime thermal surface condition produces up—valley wind.

3) The maximum down-valley wind level is about 500m, for a ridge 1km above

the valley floor.

4) The up-valley wind is relatively weak as compared to the down-valley

wind speed while the other conditions remain the same.

5) The component of cross-valley wind is maximum at the lee near the ridge,

or above the ridge.

6) The wave flow pattern in the upper part of the troposphere is similar

to some earlier findings.

In the future s tudies , continuous effort will be placed on the improve~
mont of the accura cy of the model. This m~y be corrected by modifying

the present computation scheme and increasing the numbers of the horicontal

grids. In order to be more realistic, cyclic boundary conditions will be

modified so tha t they can be applied to actual conditions . First we will

conduct a study based on an analytical model of two mountain ridges and
S 

sloping valleys, then later compare the results from the numerical and

theoretical models. Actual observational data from the Tularosa &sin~~Llbe used to

validate the results . Finally an attempt ‘will be made to build a prediction S

model for the %vhite Sands Missile I~ango.
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Table 1

Basic inputs for different computer runs

Geometrical factors of terrain Surface thermal condition
The number Maximum ridge height Valley Valley ~~~T11~~ Neutra Heating —
of run- and above valley floor width slope
time (sec) and floor height (kin) (xlO — 3 )

above plain (m)

1 (5loo) 1000+300 64 6.6 *

2 (7550) 1000—300 24 13 *

3 (1750) 1000+6-co 4 33 *

L1. (20100) lcoo+6oo 64 10 *

5 (20100) 1000+600 64 10 *

6 (22500) 1000+300 32 10 *

7 (22500 ) 1000+300 32 10 *

8 (10100— 500+150 64 2.5 *

20100) -

9 (10100- 500+150 64 2.5 
*

20100)
*

10 (750) 1000+600 8 20

-
I 
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Table 1 (continued) S

Initial Initial cross Values of coefficients Lateral boundary
ground valley wind of eddy viscosity and conditions
temperature speed profile diffusivity 

_______ __________

asCenuant + 3 ’
, 

~~ 

-

S — — -— no
Numbe~ Po~ Neut Neg. ~~~~~‘ 

.
~~ 

.
~~ 

.~~~ K (m2sec— 1) gradieni cyclic
~~~ H H £o : i -

0 -

1 * * 10 10 *

2 * * 10 10 *

3 * * 10 20 *

* * 1C 10 *
S I

5 * * 1  10~ 10 *

6 * * 10 20 *

7 * * 10 20 *

8 * * 10 10 *

9 * * Ic 10 *

10 * * 5 variable *
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Pig. k. Isopleths of wind components and temperature deviations
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A THEORF2ICAL STUDY OF

GROUND SURFACE TEMPERATURE AND HEAT I~LUX IN APPLICA-rION TO

MOUNTAIN—VALLEY CIRCULATION

Wen Tang

Published in the Proceedings of the Joint Scientific Meeting

- on }lountain Meteorology and Bioineteorology, ANS , SGBB, SSG,

- Interlaken , Switzerland , June 10—1~4- , 1976
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1. Introduction -- 
- 

5 -

- - 

- - Th~ diurnal surface thermal condition has been shown to

be an important controlling factor on daily circulation in the pla-

netary boundary layor. - -

Recent investigations of mountain-valley circulatioii by 
-

Tang(1976), and by Tang and Peng (1974) with a numerical model , show 
- - S

that thermal boundary conditions have an essential influence on cir- S

culation in the boundary layer. The assumption on the thermal bound—

ary condition for their investigation is a prescribed surface temp-. S

erature or heat flux at the ground surface. Since the mountain-valley

terrain consists of uneven surfaces such as slopes , ridges , and valleys,

the amount of solar and long—wave radiation over these surfaces is

different from that on a horizontal plane. Incorporation of a variable
- - surface heat flux in the study would make it a very complex problem. A

most realistic mountain—valley circulation model considering this temp-

orally and spatially variable surface heat flux is yet to be developed .

The purpose of this study is to derive an analytical expression of the

ground surface teLaperature end heat flux , at each small time step, in

terms of solar and long—’~ave radiation, geometrical factors of the ter-

rain , and initial surface temperature. The result can be utilized for

S a numerical experi ment of athospheric motion and temperature over a

simple mountain-valley terrain.

In two previous studies Püh (1959 , 1964) invesitgated the

influence of a sloping surface on radiation. ‘the present study develops

a method for obtaining surface temperature by solving the equation of
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1. Introduction -
- 

- 
S -

S The diurnal surface thermal condition has been shown to

be an important controlling factor on daily circulation in the pla-

netary boundary layer. - -

Recent investigations of mountain-valley circulat.ion by 
-

Tang(1976), and by Tang and Peng (1974) with a numerical model, show 
- - -

that thermal boundary conditions have an essential influence on air—

culation in the boundary layer. The assumption on the thermal bound-

ary condition for their investigation is a prescribed surface teznp—

erature or heat flux at the ground surface. Since the mountain-valley

terrain consists of uneven surfaces such as slopes , ridges , and valleys ,

the amount of solar and long—wave radiation over these surfaces is

different from that on a horizontal plane. Incorporation of a variable S

surface heat flux in the study would make it a very complex problem. A

most realistic mountain—valley circulation model considering this temp-

oral ly and spatially variable surface heat flux is yet to be developed .

The purpose of this study is to derive an analytical expression of the

ground surface temperature and heat flux, at each small time step, in

terms of solar and long-.~ave radiation, geometrical factors of the ter-

rain, and initial surfaco tempe~rature . The result can be utilized for

a numerical experiment of atmospheric motion and temperature over a
S simple mountain-valley terrain.

In two previous studies Püh ( 1959 , 1964) invesitgated the

S influence of a sloping surface on radiation. the prosent study develops

a method for obtaining surface temperature by solving the equation of
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heat conduction of the soil and the ener~ r balance equation at the ground ,

by including the terrain influence on radiation • The - heat balance

• - condition at the ground surface over a mountain-valley terrain at dif—

.terent locations across the valley is conceivably not the same. As a

consequence the ground surface temperature -will vary from place to place ,

at least in the daytime. The heat flux from the ground surface will

interact with atmospheric motion and temperature to develop a very - 

5 
-

complicated dynamic system. Our ultimate goal is to solve this com-

plots system numerically for mountain—valley circulation. However, our

immediate interest is the formulation of the ground surface temperature

of a typical valley terrain.

2. Solar radiation on the sloping surface

an undulating mountain-valley terrain as shown in }~g. 1,

the mountain ridge on the east side of a north-south valley will cast

its shadow on the west side of the valley (ag. 1). The solar radia—.

tion reached on the slope may be -written as 
-

- S = S0 cos j , (1)

where S~,-= solar constant -

I = the acute angle between the sun’s rays and the normal to

the sb us i~

Then cos I can be -written as - 
-

- cos t = coscistnh + stn a cos h cos~~ (2)

where a the angle of inclination of the slope

h = the elevation angle 
-

$ = — 
~ 

( . ~r <  0, if measured counter-clockwi~o from the south ;
0 fl -

- • $> - O~ if measured clockwise from the south)

2 -
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= azimuth of the sun
0

= azimuth of the normal to the s1ope.

Using the laws of cosine and sine in spherical trignometry and the

geometrical relationships of various angles shown in Pig. 2, one ob-

tains the following set of equations (e.g., see Robinson, 1966)

~1n h sin ç sin 6 + cos p cos 6 èos w (3)

coshsin $0 = cos 6 sinw (Li)

cosh cos~p cos $0 = s i n tp s in h— s ln 6

where I) = latitude

9 = declination of the sun

w = hour angle.

Substituting (3) ,( 14) , and (5) into (2), e].ixninating $~, and rear-
ranging yields the radiation flux on the slope.

j  . S = S0(J sin 6 +Kcos 6 cosw+sin $0stncz cos 6 sinw) (6)

where j  = sinpcos-~~ — cospsin cr cos $0
= cos cp cosa + sin cp sinct cos~~ • 

(s’)

Ibr an east (or west) —facing slope, ~o
= jL 

~~ 
=

8e w  S0 ( stncp cos a stn 6 + cos cp cos a cosâcosw

+ sln cr cosbstnw) (8)

Pbr a horizontal surface, ~ = 0

S = S0 (sln p sin S + coscp cos 6cosw) (9)

This can be applied to the level surfaces on the ridge and vaUey floor.

~br a case on tho valley floor , at point A in F~g. 1 for example, a

5

— _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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I
critical hour—angle w corresponding to sunrise or sunset has to be

determined.

Since .

cos$ = (10)
~~~

r
~;g

2 + y g
2

and 
. 

.
.

8iflh9~~~= 
~/~xg + Z g

2 

cos t 

(11)

then , sin h = — 

g .____ = (12)g 
+ Yg

2 + Zg
Z 

~Jcot~h~~ + cos2
t

Pbr the present case , where the vafley axis is in the north-south di-

rection, $~ = —~~~~~

2
~~uation (12) then becomes

sin $ 0Sif lhg = (13)_
~/cota h~~ + sin2

Since . $~ cannot be determined when the corresponding w is not known,

one cannot solve (13). Therefore we need another equation to determine

the relationship between W and This can be achieved by using the

relationships (3) , ( 14) , and (5) to obtain

Sin2w 
. 

(14)0 asin w + (cos cp tan6 + sin 9cos w)2

The critical can be obtained by the ‘cut and try’ method with given

9 and S from

ii
6

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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sin2w
sln3w + (cosptan 6 + sinp cosw)2 .

Stn2wcot h~~ + sjn1w + (coscptan6 + sin cp Cosw) z

s (sin,sinS + cos cp côs ô cosw].

Another method to determine w~ is to simply set &i. (8) to zero. How-

ever, the angle a has to be changed into the appropriate critical so—

lar elevation angle for the point in question.

By this method the solar flux of all positions on the mountain—

valley surface can be computed. If the physical surface of the moun-

tam —valley terrain is symmetrical and periodic in space , the total

energy received in 2~1 hours will be the same for both east and west

slopes. However, the accurmiated energy received at symmetrical positions

on opposite slopes will be different at any given instant during the day.

lbr practical purposes one may just compute the flux every half hour

for some typical locations. Fbr further computations, the data can be

interpolated for any time interval and position needed. This flux will

be used to determine the surface temperature and heat flux .

3. Long-wave radiation

The next most important item in the energy balance equation

after solar radiation is the effective long—wave radiation flux . Because

the mountain surface itself can screen away the IR radiation for a

given azimuth $ • and a given elevation angle h subtended by the mountain,

the ofTective IR flux can be written as (Fuh, 19611) :

7



1
IT 

- . 

.
- 

~~~~~~

.

1?S d $ 5  (e8 — e g) cos t cos h dh ;
-u hft) . 

-

.

+ (es — e e) cos l cos h dh , (16)
-n hj$) 

.

where e
~ = IR radiation intensity on the slope at the point in question

= IR radiation from the atmospher e

= IR radiation from the opposite slope •1’

ha($) = elevation angle produced by the slope surface

(inclination ~ ) itself in the direction .

In . this study, ridge lines are assumed to be parallel as

shown schematically in Figure 1, and h( 
~

) for the elevation angle

of east and west slope s observed at Point A, h,~ and b~ respectively,

can be written as .

= arcsin [ cos2 $  J~cot2(h~~) + aos2 
~j ,

and hc = arcsin [ cos2 4’

cot2(h~~) + cos2 

4’B
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The angL, h~ ( 4 ’)  is tha elevat ion angle due to the slope itself where
the observation site stands .

It the IR radi ation is isotro pic within the integration limits
and the valley is infinitely long , the integ ral in Equation (16) can be
ev.luated and becomes . 

0

= ~~~~ m -e g ) s  + ! ( e ~~~~e3 ) ( 1 f s )  .

where 
. .

• S ( (cos(hg )+cos(h~~))•cos u — (sin(hg,c)_sin(h~~).siii u )

~1hen the black body temp eratures are used , I at A is

‘A Z [I H 
- o(~~~1~ — ~~~~~~~ [coS hgx + cos

S COS C Y _ ( stn hgx
_ sL n h ~~ ) sLn ce] ÷ a c~8 z: ~~ eT~~ , 

(21 )

where I
~ 

= effective I.R radiation flux (i.e. diffe rence of IR radiation

between mountain surfaces and atmos phere) on a horizontal

• surface

• 
• the absolute temperature of the surface at the point in

question

the absoluto temperature of the opposite slope

• 9
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• • = the emissivity of the earth ’s surface at the point in
quest ion, and of the opposite slope , resp ectively

, 
= elevation angle due to mountain ridges Gil and CD respectively

0 

~ = Stefan-Boltzmazm constant . 0

Since ~ � 25 as assumed in the presen t model and h~~ � ~, and

it is evident that • 
. 

0

• S n  or(stn hgx - sin <c (cos h9~ + cos h~~ ) COS a ;

~~rthexmore ~~~~~ is genai-aliy small. The ovdra ll affective Ia radj a • 0

tion may be apprbximated as 0

~ ~~~
IR (cos h~~ + cos h~~ ) cos a 

• (
~~~)

However the quant ity ‘H defined as the effective lEt radiation on a
horizontal surface , must be calculated iteratively. We may use an

L 

empirical tor~ula for ‘B developed by Brunt (1939), i.e., 
0

= aT8j~~( I — a — b . J ë ) • (23)
where a = 0.4k • . •• b=0.08 0

• e = surface vapor pressure in milhibars 
•

• the surface temperature at the point in questio n .
(In the present problem T5 is the temperature at the point A, which
is used to calculate 1A at A). Finally we may write the effecti ve lEt
radiative flux as 

• •

I (1 — a — b~F) (cos hgx + cos h0~ ) COS ~~, (z1#)

The value of I depends on the posit ion on the mountain-valley surface

• and can be calculate d for each point on the sur 1~ce. The sur face tenp~

10
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erature in the expression tor I remains to be determined later by
• solving the heat conduc tion equation of the soil and a system of thermo-

hydrodynamic equat ions of the atmosphere simultaneously. 0

I~. Heat conduction equat ion of soil and the boundary conditions 0
• The general equat ion of the mountain-valley surface may be writ—

ten as 
0

D ”D ( x )  •• 
0

Using z to indicat e the height above the fixed level surface , and

the height above the ground sur face , we have

• = D(x) + C

The heat conduction equation which governs the variation of the soil

temperature may be written approximately as

_ _at 3 aC2 
•

where = A 5fc p
~

= thermal diffusivity of the soil

P 8 density of the soil

= specific heat of the soil

The boundary condit ion at the ground surface , after neglecting

scattering, preci pitation and evaporation , and assuming the normal temp..

era ture gradient to be about the same as the vertical temperature gra-

dient , will be approximately -

S — I + ) ~~~~~~~~~~~~~~~~ 9 (25)

where S = solar radiation reached on the slope

I = long-wave exchange betwee n tho slope and the environ ment

thermal diffusivity of the soil

11
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• eddy conductivity of the air (assumed constant in the
0 

layer t.km above ground , and may vary with time)
• 

• 

T , T5 temperatures of the air aid soil respectively. 0

~~r the boundary condition at C — , T5 is finite .

5. Solution of surface temperature 
0

Th. differential equation of the heat conduction of £he soil

may be written in finito difference form for time differential. Assume

TO + Bz + ;‘ (C.x t )  (26)

where B = prescribed for z >0,

and B = 0  for z~~O.

I’b designate the elevation of the valley floor as z~~). Substituting

T8 into the fini te diffe rence equations of heat conduction of soil leads to

• T t t + 1At 
— Ti t ~ 2

- 
At . ) ,5  c5 p 5 •

in which z is replaced by ~ near the surface. The solution of this

equation , obtained by varying the parameters and assuming that T3*t is

a known function , and can be written as

T~
t + A t (x ,C, t) A(x) e’~ + B’e~~~

• 
• 

+ - ‘(C - C’) (_Y Z T,t)dC
, (28)

• where ~ 
$ 

• Applying the boundary conditions at z —
~~~~ —~~~

leads to B’ = 0. Next t~e coefficient A(x) should be determined from

the energy balance equation at 
~ 

= 0 with analytical solutions of S

12
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and I at each grid point .

Assuming the condit ion of the soil tomporature at the air-soil
• 

- interface to be continuoua, we have the detailed express ion of the
energy balance equatioh as •

1 ~ t +A t  t +A t t + A t 
• • 0

I aT5 ’~ T • — T 5
• ~~ S~~~z )  ~~ Az • -

+ 5o ((sin 9 cos u — cos~~~stn a cos $~) .

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • 

- 
• •

0~ 
•. 

•

• cos 6 c o sw +  sLn ’~~sLnaco~~8 stnwJ
- 

— _ a (T~~~~~
t) 4 ( 1_ a _ b , i f i )  

: 
: • 

- 

• 

0

• • (cos h9~ ÷ cos h
~~

) cos ~~~ • 

-

• (29)• • —  • 
- •

Substitut ing ~r5 — 1~ + Bz + T~(x ,z ,t), into (29) and rearranging
• 

0 3aads to

~~~~~~~ +p~. + za T o3 ( 1_
~~~~~~ ) (co5 hgx + cos h~~ )cos T~~~

t
~~ t

• 
• t+~t 0

~ T(x.$~,w) • • - • • • . •  • • 0

• 
• (jo)

where - - 

: 
• ••

P(x,$r~~,~ ) =  _~~~B + .~~~Tt
~~ t 

~~~~~~~~~~~~ (To + Bz(x)) 
-
• 

-

+ s~ ((sin ~~cos~~ - cos~~ sin~ cos~~~) sLn 6 +

+ (cos 9 cosor +siny sin cr cos~ r~ ) cos c. cos w

•

• • 0

• • 13 
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•

.p sLn $~~stn a cos6 ~1~~)
t+At - 

0
•
~~~~ -

• 
0~~ 

~~~— ( T04 +4T03
Bz) (1 - a -b~€) (cos h~~, + cos h~~ ) cos cs 

• (31)

• The soil heat flux at the ground surface (
~ 

= o) can bo obtain~d from

(28) as 
••

~~~ 
.• 

- 
• •

t+At • 0 
•

‘s 

~“Hc=o + S E ~~
d ’ ÷e’t’C ’] (~~~ 2~]~~ t)dc . (32)

After substituting )
~~ 

- into the ener gy bal~aice equat ion• 

• 
• ~c . ~~~~~~~at C = 0 and solving for A(x) , ~e have • • •

. 

-

• A(x) = -• 
•1

• Y?~~ + + 2 o~ T03 (1 - a - b-s) (COS hgx + COS hc ) cos

(Y~
xsS

° cos1I Yc ’ .T s’dc

- 
COOS h~~~+ cos h~,) cos a] S

° s1
~~yc’ • T5’t dc’ 0

• t+At i 0 
-

0 + 1 ’  j ,  • (33)

lbr a given location x and time t , A is constant and • T~ ’ t +  At (x, C, 0
• is determined. With known T5

1t , T , t+At can be calculated if the temp-

erature of the air above the surface is known. Set

=~~~~ +[2a To3 ( 1 _ a _ b~~ ) Ccos hgx + COs h~~ ) cos a]

• 14 •
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Then T 1 t*At may be written as

0 
• T ,t+4t 

~t+~t N C  ~~~~~~~~~~~~~~~~~~~~~ It dCI +a (c) X5’(+L ~. 
) 1y + L  ,)

~, 
S 

•

0 

. • .  + 
~ S° e v ( C C )  T5

t dC’ + X~~’t ~J ‘((C_ C’)T 1~ d~’

At ground, C = 0. The three integral terms in Eq. (34) are combined

to become 
• •- • •

0 t• —~~ (e~~~
’ )T dC’S

From observations of soil temperature variation with depth T5’ may be

assumed without too much error as

= G e1C’ 005 ( ft + 1 C ’).

Then

• - S__ e ~ c’ T5’ d C = G - { (ir + 1 ) cos ft + 1 sin ft (:35)— 
0 

( Y  + i)2~. i
2 

- 

-

Fbr integration, the time interval t= 30 minutes, K5 ~ .75x i0 3 cm2sec~~,

and I ~ 0.86 cm’~~. Diurnal variation in soil temperature at a depth

of 50 cm is nearly zero at O’Neill, Nebraska, Aug . 31, 1953, based on

data obtained by Lettau and Davidson (1957). It follows that 1 ~
This means that 1 is negligible in comparison to N . Neglecting 1

all together from (34) yields an error less than 3~. Fbr mesa-scale

• calculations this error is acceptable. Then T5’ ~~~~ may be simply

written as

1.5 

1E1 TE:1. 
_ _  J
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t+bt •

T •t+At 
= 

F 
+ ‘TC=O • ‘5~~+L 

• ) 5Y + L  ~~ S ‘
~~=~ 

(36)

~~na11y we have

t +A t  • t+At
+ Bz + X 5N+ L + 

~~~~~~ L S C 0 . (37)

Eq. (36) should be solved simultaneously with the set of finite -

difference equations governing the air temperature and motion in the

boundary layer. The solution can be obtained if the air temperature

at a height ~z above the surface at time t +~ .t, and the ground sur-
• face temperature at time t, are known. An initial rough but realis-

tic estimate of air temperature Tt +~~t may be made for the first

computation of T5t 
+At

• With the flux at time t +~~t one can com-

pute the atmospheric temperature ‘Ft +26~t from the sot of governing

• differential equations in the atmosphere . Continue this computation

iteratively to obtain T5
tI~ I~t , where n is an integer one wishes to

assume. This approximated method was developed mainly fo.r the purpose
0 

of mountain-valley circulation studies • It. can also be applied to

studies of aicrometeorological problems as long as the geometry of the

terra in is simple. In the present model the point of interest, the

effective IR radiation on the surface 1H’ is not directly calculated,

but rather is replaced by an empirical formula. So long as the sur-

face
• 
geometry is simple, a simple anlytical solution can be derived.

16
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5. Rosults and Discussion

Equation (36) is used to compute ground tempera t ure for three

• different posit ions in a valley located 5 miles north of Nanchos ter Cen-

ter , Vermont. They are Point A on the valley floor , Point B on the west

elopo , and Point F on the east slope. The heights of Points B and F are

about li4Om a~d 420m above Point A respectiveLy. The ridge lines are 548m

abovO the valley floor and are 7.8km apart. Point A is approximately 2km

bori~ontal distaneo from the west ridge. The average slope at Point F 0

is rather gentle , being 6.30 . The siope on the west side varies from 12.50

on tho lower half to 18.8° on the upper half whero Point B is.

Other physical pa rameters used in the computation are as follows:

A = 0.239 cal cm soc~~dog 1 0e44

= also varies as a function of b = 0.08
time(seo Table 1)

~~= 0.0O1 e~~~1O

t = l 8 0 0 sec e~~~14O cm

= 0.4 cal cm ’dcg’~ 6 200 
S

albedo = 0.15 = 43. 160

• Table 1. Assumed variation ~f A ‘with timo over the course of a day.

hour 0 2 4 6 8 10 12 14 16 18 20 22 211.
(EsT)

~k (cal cm t
1 .05 .05 .06 .10 .24 .28 .30 .30 .20 .12 .08 .05 .05

deg ’seo )

• The sunrise and sunset hours for Points A ,B , and P computed

from this model are (0515, 1752 E.S.T.), (0445, 1735 E.S.T.), and (0515,

1911 k . S.T.) rospoctivoly .

• 17
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The air temperatures at the three points are recorded by thermo-
graphs located 1.11m above the gound . The data of August 7, 1957 taken

from Davidson and Rao (195~) are used in the computation and are shown

in Jigure 3 by dashed lines.

Since there is no observed ground temperature T~ at each site,

a reasonable initial T~ or T~ ’ value has to be given for input . This

value is determined with a trial run using an appropriate. T5 or T5’ un..

ti]. the result converges to a constant and its rate of change is about

the same or slightly larger than that of air temperature at midnight for

a given set of assumed values for parameters . 1~br daily use , T5 can be

observed and there is no need for such tr ial runs .

Based on the physical configuration of the terrain and input

air temperatures for each point, the corresponding computed ground temp..

• eratures arid upward heat fluxes under three different assumptions of A
S 

are shown in Figures 3 and 4 respective~.y. In Figure 3 the computed ground

temperatures for cases of constant A , variable X , and doubled value of

the variable A are denoted by light , heavy, and dash—do tted curves. The

observed air temperatures are denoted by dashed curves . In Figure 4 the

computed upward heat fluxes for constant A , smaller variable A , and

larger variable A cases are denoted by dashed , solid , and dash-dotted

curves respectiv~ly.

0 
• 
The computed sunrise and sunset hours shown earlier are correct

because two different formulas mentioned earlier give the same computed

results. Besides the computed sunrise hour at Point B is the earliest,

- and the computed sunset hour at Point F is the latest , among the three

sites. All of those results are in close agreement ‘with values from other

sources.

18 
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Examination shows that the computed ground temperature reaches

the level of air temperature at each site about halt an hour after sun-

rise. Then both air and ground temperatures start to rise. The times

before attaining maximum T5 of the individual site occur first on the

west slope, then on the valley floor, and finally on the east slope in

J2.gure 3. This is as expected because of the present topograpI~ic config—

ua’ation. T5 starts to drop generally in the afternoon but drops preci—

pitously after sunset for Point A and just before sunset for Points B

and F. The phenomenon at Points B and F can probably be attributed to

the large drop in air temperature, and to turbulence tsking away heat

• from the ground and reducing ground temperature much faster, Another in-

teresting phenorionon . apparent from Figure 3 is that the daily range of

ground temperature is largest at the site in the valley, being a few de-

grees greater than at the sites on the slopes. The diffe rences in the

• ranges of ground tesiperature are in agreement with those of air tempera—

ture . This phenomonon appears in many valleys.

The results of the heat flux computations in Figure 4 have al-

most the same shape and magnitude for the three different cases of A ..

4 Although the ground temperatures T5 for different A ‘s are different at

a particular site , the changes in heat flux are slight. The reason is

that the product of the smaller A with the large vertical temperature

- gradient (between the air temperature at 1 .km level and ground temperature)

is near ly the same as the product of the larger A with the smaller vert-

ical gradient . The system adjusts itself so that the clunge in flux is gre..

dual. The trend in the order of occurence of maximum heat flux follows that

of the order of occurence of maximum temperature at the three sites • The

total heat flux which diffused due to eddy processes was greatest at Point -
F. This is believed to be because it has the longest period of sunshine.

21
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• 
The computed maximum upward heat flux at all three sites is 

S

around 0.9 cal csr 2min~~, which has the same order of magnitude as the

turbulent heat flux for diffe rent height ranges for ft.. convection

over flat terra in observed by Taylor and Swinbank independently ( see

Priestley, 1959).

Computations for temperatur. and upward heat flux are also

made with two different assumptions of vapor pressure. The solid curves

denote the case for variable vapor pressure which is based on observations S

S made elsewhere for terrain with vegetation . The dashed curves denote the

case for zero vap or pressure . It is seen that dry- atmosphere yields low-

er temperature s for both day and nightt ime becaus e of decreased long—wave

radiation from the atmo sphere and thus more heat loss to space. Indeed
S 

this is a purely idealistic case, The solid curve may be considered a

case of high vap or pressure . Other condit ioss being equal , the variation

of T and heat flux due to change of vapor pressure may be bounde d by these

two curves. 1br normal conditions , the curve s should be closer to the so—

lid curve s for both temperature and heat flux.

S In view of the computed results whown in Figure 3, the eddy

diffusivity of heat , X , is important to the determination of ground

temperature . In this study prescribed value s are used. However X should

be determined from the circulation model and solved from the goverming

set of hydro -thermodynam ic equations in the atmospheric boundary layer.

Air temperature is also a very important factor in determining ground

temperature. Obtaining air temp erature by solving the heat equation of

5 air , which includes eddy diffusion and long-wave radiation terms for air ,

would be very useful.

In conclusion the computed results are very encouraging. Rarther

24
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S

improvement can be made for application to mountain-valley terrain, The
• purpose of thi s study is to study 3—dimensional mesa-scale circulations

- in typical uneven topography. An attempt is being made to apply this idea 
-

to mountain-valley terrain. Results are still some time to come .
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